Range-size distributions are important for understanding species richness patterns and led to 22 the development of the controversial Rapoport's rule and Rapoport-rescue effect. This study aimed to 23 understand the relationship between species richness and range-size distribution in relation to 24 environmental factors. The present study tested the following: (1) altitudinal Rapoport's rule, (2) 25 climatic and ambient energy hypotheses, (3) non-directional rescue effect, and (4) effect of 26 environmental factors on range-size group. Altitudinal species range-size distribution increased with 27 increasing altitude and showed a negative relationship with climatic variables and habitat 28 heterogeneity, and a positive relationship with primary productivity. These results support the 29 altitudinal Rapoport's rule and climatic hypothesis; however, they do not fully support the ambient 30 energy hypothesis. Results from testing the non-directional rescue effect showed that the inflow 31 intensity of species from both directions (high and low elevations) affected species richness. And we 32 found that the 2nd and 3rd quartile species distribution were the main cause of a mid-peak of species 33 richness and the non-directional rescue effect. Additionally, the 2nd quartile species richness was 34 highly related to minimum temperature and possessed thermal specialist species features, and the 3rd 35 quartile species richness was highly related to habitat heterogeneity and primary productivity.
Introduction 41
To identify species richness patterns, analyses of geographical patterns in species richness 5 91
The present study was conducted in mixed or deciduous forested areas in Jirisan National 92 Park (South Korea), with altitudinal range from 200 to 1,400 m above sea level (asl). The altitudinal 93 range in the park was from 110 to 1,915 m asl; however, we excluded the subalpine forest (up to 94 1,400 m asl) from the survey area to minimize the differences in bird communities among forest types 95 [17] .
96
Species range-size distribution (Altitudinal Rapoport's rule) 97 The distributions of 53 breeding bird species surveyed along an altitudinal gradient from a 98 total of 142 plots were used from a database by Kim et al. [17] . To estimate the range-size distribution 99 of each species, we identified the maximum and minimum altitude of each bird species distribution in 100 a 100 m elevation band. Species that only occurred in a single plot were given a range of 100 m and 101 included in the analysis. Then, the mean altitudinal range of species in a given plot was calculated by 102 averaging the altitudinal range of each species present [6] . We identified the patterns in mean 103 altitudinal range-size distributions using the best-fit curve (linear, quadratic, and exponential) 104 estimation function in SPSS 20.
105
Climatic and ambient energy hypotheses 106 To test the climatic hypothesis, the maximum and minimum temperatures during the 2015 107 breeding season were extracted from each survey plot using the Weather Research and Forecasting 108 software program, version 3.6 [17] . 140 All bird species were divided using the quartile method based on their identified range-size 141 distribution, i.e., less than 25% species (1st quartile species), between 25% and median number of 142 species (2nd quartile species), between median number and 75% species (3rd quartile species), and 143 more than 75% species (4th quartile species) [2] . To identify which quartile group increased the 144 species richness, present/absent data of each quartile group were used and analyzed using the 145 independent samples t-test in SPSS 20. The effects of environmental factors (climate, primary 146 productivity, and habitat heterogeneity) were analyzed in the quartile groups that were determined to 147 be affecting species richness. Analyses were conducted using model selection and multimodel 148 inference in the R Studio 1.1.383 software program (packages bbmle, AICcmodavg, and MuMin) and 149 the number of species for each quartile species.
150

Results
151
Species range-size distribution (Altitudinal Rapoport's rule) 152 We tested the altitudinal Rapoport's rule in 53 breeding bird species from 142 plots. The 153 patterns in mean altitudinal range-size distributions showed a tendency of broader range-size 154 distribution with increasing elevation (Fig 1) . All curves (linear, quadratic, and exponential) 155 represented by a significant relationship (P < 0.001, P < 0.001, P < 0.001, respectively; Fig 1) . The To understand the underlying mechanism of Rapoport's rule, we identified the influence of 164 minimum temperature, vertical coverage of vegetation, and horizontal habitat diversity. The results 165 from the model selection showed a set of candidate models with seven combinations of five variables 166 showing two supported models that had Akaike weights within 10% of the highest weight (Table 1) .
167
The best model of mean altitudinal range included minimum temperature and habitat diversity (w i = 168 0.870; Table 1 ). The second ranked model was the full model, which contained the added variable of 169 vertical coverage of vegetation, in which the Akaike weights were 6.7 times lower than that of the 170 best model (w i = 0.870 vs w i = 0.130; Table 1 ). Multimodel averaged parameter estimates including the two supported models over the mean 178 altitudinal range showed negative correlation with minimum temperature and habitat diversity, and 179 positive correlation with overstory vegetation (P < 0.001, P < 0.001, P = 0.043, respectively; Table   180 2). Testing of the non-directional rescue effect 185 We demonstrated the non-directional rescue effect using the intensity of species inflow. We 186 found that species richness showed a tendency of increasing with increasing of distance between We utilized more detailed methodology to identify which range-size distribution group 197 increased species richness. From analysis of independent samples t-test, we found that the 2nd and 3rd 198 quartile species contributed to increasing species richness (Fig 3) . The 2nd and 3rd quartile species 199 showed a significant differences in species richness between present and absent of each range-size 200 quartile species (P = 0.002 and P = 0.009, respectively; Fig 3) . Whereas, the 1st and 4th quartile 201 species did not show a significant differences in species richness between present and absent (P = 202 0.447 and P = 0.195, respectively; Fig 3) . The 4th quartile species showed substantial difference in 203 the value of mean between present and absent (mean = 8.196 ± 2.443 and mean = 5.000 ± 0, 204 respectively; Fig 3) ; however, the 4th quartile species did not show a significant difference because 205 the most of areas were contributed by the 4th quartile species (present, n = 141 and absent, n = 1). To identify the effect of environment factors on 2nd quartile species richness, we utilized 11 211 model selection and multimodel inference. A set of candidate models with seven combinations of five 212 variables represented two supported models (Table 3 ). The best model included only the minimum 213 temperature (w i = 0.609; Table 3 ). Adding habitat diversity to the best model led to a 1.8-fold decrease 214 in Akaike weight (w i = 0.609 vs w i = 0.331; Table 3 ). Adding vertical coverage of vegetation to the 215 best model led to a 14.5-fold decrease in Akaike weight (w i = 0.609 vs w i = 0.042; We identified two supported models that showed Akaike weights within 10% of the highest 229 value ( Table 5 ). The best model included habitat diversity and vertical coverage of vegetation (w i = 230 0.625; Table 5 ). The second ranked model was the full model that also contained the minimum 231 temperature ( Table 5 ). The model containing vertical coverage of vegetation was 16.9 times more 232 likely to be the best explanation for the 3rd quartile species richness (w i = 0.625 vs w i = 0.037; Table   233 5). When habitat diversity was included in the 3rd quartile species richness model, Akaike weights 234 were 8.5 times higher than those eliminated in the model (w i = 0.289 vs w i = 0.034; Table 5 ).
171
Response variables
235
Multimodel averaged parameter estimates including the two supported models in the 3rd quartile 236 species richness represented a positive relationship with habitat diversity, and understory and 237 overstory vegetation (P = 0.001, P = 0.005, and P = 0.032, respectively; Table 6 ). geographical scale, and mechanism used [7] [8] [9] [10] 24, 25] . Stevens [6] stated that compared to sampled 253 point studies, regional surveys are more likely to be biased owing to unequal sampling. If an intensive 254 survey is undertaken only in one elevation band, then species richness will be biased upward and 255 altitudinal range will be biased downward [6] . Thus, in the present study, we conducted a field survey 256 that utilized identical sampling intensity (S2 Table) and sampled using a point count survey method.
238
257
Additionally, we performed the field survey restrictively in a mixed or deciduous forested area [17] .
258
Food sources are the most influential factor on the distribution of birds during the breeding season. our results showed a negative relationship between range-size distribution and habitat diversity 284 (habitat heterogeneity). However, our results also showed a positive relationship with the coverage of 285 overstory vegetation (primary productivity) (Table 2) , thus the results did not support the ambient 286 energy hypothesis. Here, we found some logical error. Rapoport's rule describes range-size 287 distribution based on the assumption that species richness is higher in equatorial or low altitudinal 288 regions [6] . In the present study, the range-size distribution showed an increasing pattern with 289 increasing altitude according to the altitudinal Rapoport's rule (Fig 1) ; however, species richness 290 showed a mid-peak pattern [17] . Therefore, these two results did not show proper logical flow. To (high and low elevations). Thus, we identified the intensity of species inflow using this new method.
302
From testing of the non-directional rescue effect, the species richness showed a tendency of increasing 303 with increasing of species inflow (Fig 2) . According to our prediction, the reason for higher species 304 richness at mid-elevation was owing to species inflow from other areas apart from the mid-altitude 305 area. Thus, our results supported the non-directional rescue effect. To demonstrate the reason behind 306 higher species richness at mid-elevation in relation to species range-size distribution, we used the 307 quartile method.
308
Effect of environmental factors on the range-size distribution 309 group 310 We found that the 2nd and 3rd quartile species contributed to the increased species richness 311 at mid-elevation (Fig 3) . From the results of distribution patterns of each quartile species, we found 312 that the distributions of the 4th quartile species were skewed toward high altitudes, the 2nd quartile 313 species were skewed toward low altitudes, and the 3rd and 1st quartile species were distributed over 314 the entire altitudinal range (Fig 4) . As shown in Fig 4, the 4th quartile species tended to be skewed 315 toward high altitudes but were distributed over a wide altitudinal range similar to generalist species
316
[30], thus the 4th quartile species did not affect species richness compared to the other quartile 317 species. Because the most of areas were equally contributed by the 4th quartile (Fig 3 and 4) . The 1st 318 quartile species did not contribute to species richness either, because these species showed only a 319 small number of detections and possessed specialist species features (Fig 3) Fig 4) , and possessed thermal specialist species 330 features. Whereas, the 1st quartile species was influenced by only habitat diversity and distributed 331 over the entire altitudinal range (S3 Table; Fig 4) , was identified having a features of habitat specialist 332 species. Meanwhile, the 3rd and 4th quartile species are composed of species having a wide altitudinal 333 range-size. Thus, we assumed that the 3rd and 4th quartile species are not influenced by habitat and 334 temperature, and possess generalist species features [34, 35] . However, we found that the 3rd quartile 335 species was influenced by habitat heterogeneity and primary productivity. Whereas, the 4th quartile 336 species was influenced by primary productivity and minimum temperature (Table 6; S3 Table) . A 337 previous study conducted on latitudinal differences, the 3rd and 4th quartile species were strongly 338 influenced by primary productivity compared to other quartile groups [2], showed a coincidence with 339 our results. To achieve a better understanding of these patterns, competition among species related to 340 niche are required. From these results, we determined that the cause of mid-peak pattern of species 341 richness was not inflow of habitat specialist species [14, 15] , but owing to the influence of minimum 342 temperature, habitat heterogeneity, and primary productivity on the distribution of the 2nd and 3rd 343 quartile species. 
